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CHAPTER 1. GENERAL INTRODUCTION 
 
Introduction 
Grazing beef cows is commonly practiced in the Midwest as a low-cost alternative to 
harvesting and storing hay (Driskill et al. 2007).  While continuous or rotational stocking on 
subdivided pastures have long been standard management styles, interest has grown in short-
duration grazing at high stocking densities.  Increasing stocking density (pounds of animal 
liveweight per hectare per unit time) can be achieved by increasing the number of animals on 
a given area of land, or by decreasing the amount of land accessible by animals over the same 
amount of time.  Herds of large herbivores such as bison travelled in large groups, grazing a 
given area heavily and then moving on, allowing forage to regrow.  Rotating livestock to 
mimic these patterns has been promoted to reverse desertification in areas of seasonal 
rainfall, increase forage production, and improve soil and environmental health (Savory 
2008).   However, scientific evidence supporting these results is lacking and existing data 
suggest detrimental as well as beneficial effects.  Increasing stocking density may result in 
greater soil organic matter through manure and forage trampling (Schuman et al. 1999; 
Conant et al. 2003), but may increase soil compaction (Warren et al. 1986; Banerjee et al. 
2000; Donkor et al. 2002).  As animals remove more forage through consumption and 
trampling than in less densely-stocked systems (Phillip et al. 2001; Tharmaraj et al. 2003; 
Derner et al. 2008), it is necessary to extend rest periods, allowing forage regrowth as well as 
establishment of legume species (Motazedian and Sharrow 1990; Guretzky et al. 2007).  It is 
uncertain whether pastures respond with reduced forage mass from overgrazing or with 
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increased mass allowed by extended rest periods.  Acreage and pasture requirements may 
increase to allow for lengthened rest periods. 
Thesis Organization 
This thesis contains an overview of previous literature relating to the effects of 
grazing and stocking density on animal, forage, and soil parameters.  Following that is a 
manuscript prepared for submission to Rangeland Ecology and Management describing an 
experiment with the objective of evaluating the effects of stocking density on cattle 
performance and soil and forage characteristics.  An additional chapter contains general 
conclusions of the research, recommendations for future investigation, and a list of references 
for the introduction, literature review, journal manuscript, and conclusion section.  Following 
the general conclusions is an appendix, containing data tables that will not be included in the 
manuscript for submission.  A final chapter lists acknowledgments and author thanks. 
 
Literature Review 
Grazing system effects on forage 
Effects of defoliation on forage 
Grazing livestock remove leaves, and thus photosynthetic capacity, from forage 
plants.  Plants respond in the short-term by slowing root growth and mobilizing stored 
carbohydrates to support damaged leaves and tillers (Donaghy et al. 2008; McInenly et al. 
2010).  Dedicating resources to regrowth and recovery retards further vegetative and 
reproductive development until stores are replenished (Vickery 1972; Phillip et al. 2001).  
Over time, repeated grazing may result in reductions in root biomass (Willms et al.1990; 
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Schuman et al. 1999).  Within a few days following defoliation, remaining or regrown leaf 
area provides most of the energy for regrowth as sugars through photosynthesis; thus grazing 
forage during the regrowth period harms long-term plant growth and yield (Cullen et al. 
2006) as frequent harvests deplete carbohydrate reserves faster than they can be replenished.  
Therefore, grazing strategies that increase forage defoliation may severely impair forage 
regrowth.  However, extended rest periods following grazing may allow greater recovery of 
forage mass (Motazedian and Sharrow 1990). 
Forage regrowth 
The rate at which forage regrows after defoliation and the final mass and nutritional 
quality of that forage regrowth depend on both defoliation interval (the rest period between 
grazing events) and intensity (the degree of leaf area removal, related to the stocking density 
of grazing animals or duration of grazing events; Kydd 1964).  Overgrazing will decrease 
forage regrowth and mass; both through repeated grazing of the same plant in a short amount 
of time and excessive removal of plant mass in a single grazing event (Kydd 1964; Phillip et 
al. 2001).  As defoliation interval increases, plants are given more time to restore leaf area 
and root reserves, and forage mass will increase.  As defoliation intensity increases, plants 
are depleted of leaf area and root reserves and forage mass will decrease (Phillip et al. 2001). 
Three major views exist on the effects of grazing and defoliation on pasture 
productivity and plant fitness (McNaughton 1983).  The first theory states that defoliation of 
any sort will harm plants and reduce productivity and yield.  The second states that up to a 
certain level of defoliation and damage, plants are able to cope and maintain photosynthesis, 
so that overall net production of leaf area and assimilation of CO2 is unaffected.  Beyond this 
threshold level, however, plant production, health, and vigor will decline.  On an absolute 
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sense, these theories are logical: removing leaf area impairs photosynthesis, which means the 
plant is not sequestering as much CO2 and energy.  However, there is evidence to suggest 
that some forage removal is beneficial to plant productivity and efficiency, particularly when 
evaluating over extended time periods (McNaughton 1983).  On pastures continuously 
stocked by sheep, net primary production (grams of CO2 assimilated into plant tissue per 
square meter of pasture) was lowest at 30 sheep/ha, intermediate at 10 sheep/ha, and greatest 
at 20 sheep/ha (Vickery 1972).  At some optimum stocking density, defoliation did not 
remove enough leaf area and photosynthetic capacity to kill plants, but opened up the canopy 
structure and allowed sunlight to penetrate deeper into the sward profile.  Defoliation 
promoted tillering and new leaf development (Kydd 1964); plants used nutrients to produce 
more leaf area and mass rather than maintain existing mass.  Thus, the third theory holds that 
defoliation causes compensatory regrowth of the plants, suggesting that at the proper 
defoliation level, overall productivity is increased (McNaughton 1983).  Net photosynthesis 
was greater in clipped or grazed than intact plants (Wallace 1990).  These results suggest that 
proper grazing management increased overall forage yield by shifting plant growth towards 
the economically and nutritionally useful portions (leaves and stems). 
Studies have found different effects of defoliation frequency on forage production 
(Phillip et al. 2001; Donaghy et al. 2008).  Donaghy et al. (2008) reported greater stubble and 
leaf DM yields when clipping interval was increased from the one- to four-leaf regrowth 
stage.  Plants that were mechanically clipped at later developmental stages had adequate time 
to regrow and replace used carbohydrate reserves compared to plants clipped at earlier stages 
of growth.  Similarly, Motazedian and Sharrow (1990) reported increased digestible dry 
matter yield as defoliation interval increased.  Root N uptake did not differ when plants were 
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clipped once and allowed to recover for 14 d, or were clipped weekly for 14 wk.  But, N 
remobilization in existing plant tissue was impaired by more frequent clipping, limiting leaf 
regrowth (Thornton and Millard 1997).  In contrast to the above studies, Phillip et al. (2001) 
reported no season-long differences in mean forage production in frequently-grazed 
compared to ungrazed pastures.  It was suggested that grazed plants were less desirable or 
accessible to grazing animals because of reduced height, allowing them to regrow before 
being regrazed.  Existing research suggests that short duration-high density grazing supported 
greater forage yield if adequate rest was allowed between grazing events (Motazedian and 
Sharrow 1990), but regrowth was impaired if more severe defoliation occurred with each 
event (Phillip et al. 2001).  Maintaining more animals on a given area of land increased the 
likelihood that a plant was defoliated multiple times as feed became limiting (Baron et al. 
2002).  Phillip et al. (2001) cited overgrazing as a cause of reduced forage yield and 
nutritional quality.  High animal pressure led to a greater degree of defoliation, which 
impaired plants’ abilities to regrow leaf area and replenish root carbohydrate reserves. 
Forage nutritional quality 
Forage nutrient content is largely dependent on botanical composition (Pavlů et al. 
2003; Sanderson et al. 2004) and forage maturity (Roth et al. 2011).  Legume species contain 
more protein than grass species, which are generally more fibrous (Pavlů et al. 2003).  Within 
a forage species, less mature forage has higher quality because it contains more protein and 
less fiber than mature forage (Motazedian and Sharrow 1990; Marshall et al. 1998; Donaghy 
et al. 2008).  Taylor et al. (1993) and Phillip et al. (2001) reported higher forage crude 
protein concentrations and digestibility when pastures were given short rest periods between 
grazing events.  Similarly, Donaghy et al. (2008) found reduced digestibility and 
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metabolizable energy (ME) concentration in plants clipped at more mature stages.  Increasing 
residual stubble height increased the protein content and digestibility of clipped forages 
(Motazedian and Sharrow 1990), perhaps because harvesting upper plant fractions excluded 
older, more fibrous stems.  Temperature and precipitation influence forage quality.  Growing 
alfalfa plants at high temperatures (27°C day, 21°C night) resulted in lower forage 
digestibility and yield than alfalfa grown at lower temperatures (16°C day, 10°C night; 
Vough and Marten 1971).  Under water-limited conditions, tall fescue plants matured more 
slowly and thus had greater concentrations of crude protein and in vitro digestible dry matter 
compared to plants grown with adequate water (Asay et al. 2002).  Similarly, alfalfa grown 
under dry conditions had greater in vitro digestible dry matter concentrations compared to 
alfalfa grown in moist soil (Vough and Marten 1971).  However, forage mass was lower in 
water-limited plots (Vough and Marten 1971), and protein and digestible dry matter yields 
were reduced compared to forages grown with adequate water (Asay et al. 2002).  At the 
opposite extreme, flooding or waterlogging of soils impedes forage growth, regrowth, and 
nutritional quality (Heinrichs 1970).  Saturation of soil for five or more days caused reduced 
crude protein content and slowed or stopped root and shoot growth in legume varieties 
(Heinrichs 1970). 
Botanical composition 
Pasture systems are dynamic as the predominant forage species varies throughout a 
growing season and from year to year (Popp et al. 1997; Marshall et al. 1998; Sanderson et 
al. 2005).  Within a season, there is a shift from growth of cool- to warm-season species as 
the temperature rises, a pattern known as the “summer slump” in predominantly cool-season 
pastures (Sanderson et al. 2005).  Across several seasons, annual or biennial forage species 
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may decrease in prevalence unless allowed to reseed and perennial species may suffer from 
overgrazing by livestock (Vickery 1972; Phillip et al. 2001).  Forage species that persist 
under grazing management must thus be resilient to defoliation and able to regrow from 
limited root and leaf reserves.  High forage utilization in high stocking density systems 
removed tall grass species and allowed light to penetrate to lower regions of the sward 
canopy, where it reached low-lying legume and grass seedlings (Marshall et al. 1998; 
Guretzky et al. 2007).  The proportion of alfalfa relative to grass decreased in pastures 
subjected to continuous and rotational grazing at high and low stocking rates, but least so in 
heavily-stocked pastures (Popp et al. 1997).  However, rotating cattle twice weekly as 
compared to twice monthly did not change botanical composition of tall fescue pastures 
overseeded with crabgrass and legumes in any year or across years (Coffey et al. 2005). 
 
Stocking system effects on soil 
 Soil type 
 Soil type determines many of the basic properties of soils.  Relative proportions of 
silt, clay, and sand determine the soil texture; clay and organic matter content determine the 
Atterburg limits (liquid and plastic limits, and plasticity index [De Jong et al. 1990]).  The 
liquid and plastic limits are the soil water contents above which soil behaves like a liquid and 
below which soil behaves like a semi-solid, respectively.  The plasticity index is the 
difference between the liquid and plastic limits (De Jong et al. 1990).  Soil concentrations of 
clay and organic matter are generally positively correlated with the Atterburg limits (De Jong 
et al. 1990).  Soils with a greater plasticity index are more susceptible to compression and 
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compaction; clay soils are more susceptible to deformation and possible compaction (Nguyen 
et al. 1998). 
Compaction 
Loads on the soil surface, such as treading livestock or machinery, reduce soil pore 
space and cause compaction.  Consequently, transport of water, nutrients, and gases is 
prevented, root development and plant growth are impaired, and the risk of nutrient runoff 
increases (Horn et al. 1995).  Grazing during periods of low plant growth decreased water 
infiltration rate (Warren et al. 1986) implying reduced delivery of water to plant roots and 
increased soil erosion.  In contrast, grazing did not reduce water infiltration when plants were 
growing, which indicated a possible role of growing plant roots in breaking soil clods.  
Grazed pastures had lower surface soil bulk density than ungrazed pastures (Franzluebbers 
and Stuedemann 2010), suggesting a protective mechanism of forage that had been trampled 
into the soil (Donkor et al. 2002).  While organic matter near the soil surface was resilient to 
compaction, deeper soil layers were more compacted in grazed pastures (Franzluebbers and 
Stuedemann 2010).  Even with this protection, higher soil bulk density was found in 
intensely grazed pastures (through greater stocking density or increased duration of grazing) 
than in less intensely grazed pastures (Schuman et al. 1999; Banerjee et al. 2000; 
Franzluebbers and Stuedemann 2010).  Penetration resistance also increased beyond the 
threshold level of 2 MPa by intense grazing after which root growth was impaired (Donkor et 
al. 2002).  As a soil becomes compacted, it is more resistant to further compaction and 
additional treading events will have less significant effects (Mulholland and Fullen 1991).   
While high stocking density is likely to increase soil compaction within a season 
(Schuman et al. 1999; Banerjee et al. 2000; Franzluebbers and Stuedemann 2010), freeze-
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thaw cycles and soil cracking ameliorated some compaction (Horn et al 1995), even when 
pastures continued to be stocked (Drewry and Paton 2005).  After at least two years of rest, 
previously-grazed pastures had soil bulk densities comparable to those of pastures that had 
not been grazed for 27 years (Greenwood et al. 1998).  In another study, infiltration rates of 
grazed soils improved after only six months of rest and short-term grazing events did not 
significantly affect infiltration rate (Nguyen et al. 1998). 
Soil moisture 
Soil water-holding capacity is dependent on soil organic carbon content (De Jong et 
al. 1990), and pasture soil moisture affects and is affected by the degree of soil compaction, 
temperature, precipitation, and grazing system (Donkor et al. 2002; Drewry et al. 2008; Bell 
et al. 2011).  Dry soil was more resistant to deformation than wet soil.  Thus, grazing on wet 
or plastic soil (De Jong et al. 1990) amplified compaction and resulted in pugging (hoofprints 
left in wet, soft soil) and poaching (very wet, slurry-like mud; Drewry et al. 2008).  Winter 
grazing on wet compared to dry pastures decreased water infiltration in the following 
summer (Bell et al. 2011). While pugging is suggestive of damage to soil structure, Drewry 
and Paton (2005) noted that reductions in soil macroporosity and forage yield following 
winter grazing of sheep were not as severe as had been predicted from visual evaluation of 
pugging.  However, greater soil compaction was found at greater soil depths. 
While soil moisture influences soil response to grazing pressure, grazing also 
influences soil moisture.  Donkor et al. (2002) found that compaction from grazing reduced 
soil moisture content by inhibiting water infiltration.  Short-duration grazing with high 
stocking density reduced moisture content compared to continuous grazing with a lower 
stocking density.  Sheep grazing dry pastures during the winter also caused reduced soil 
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moisture during the following summer, relative to ungrazed controls (Bell et al. 2011).  Soil 
moisture data was unavailable for pastures that had been grazed while wet.  In contrast, 
neither stocking rate nor stocking system affected soil moisture in a rangeland study 
(Banerjee et al. 2000).  Soil moisture also influences the recovery of the soil following 
grazing: dry soils are subject to cracking and fracturing, which creates openings for water 
infiltration, worm burrowing, and root expansion (Dexter 1991). 
Carbon and organic matter content 
Post and Kwon (2000) defined soil organic carbon as “plant, animal and microbial 
residues in all stages of decomposition.”  High stocking density management promotes 
accumulation of soil organic matter through trampling of forages and deposition of manure 
(Schuman et al. 1999; Conant et al. 2003).  However, short-term changes in soil carbon may 
be negligible compared to the total amount of soil carbon (Conant et al. 2003), as it may take 
decades for long-term trends in soil carbon to become evident (Cambardella and Elliott 
1992).  Particulate organic matter carbon may be an early indicator of trends in total soil 
carbon changes (Cambardella and Elliott 1992) as it originates from root carbon inputs and 
decomposition of litter (Conant et al. 2003).  However, the authors found that management-
intensive grazing resulted in reduced root mass yet greater particulate organic matter carbon 
compared to continuous grazing.  This response was attributed to rapid turnover of roots and 
increased surface litter in management-intensive grazing.  Schuman et al. (1999) concluded 
that grazed rangelands had more soil carbon in the root zone than nongrazed rangelands 
because of increased cycling in the plant-soil system triggered by trampling and manure 
deposition.  However, high grazing intensity was associated with lower degrees of soil 
carbon accumulation than low density grazing in previously-eroded sandy loam soils 
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(Franzluebbers and Stuedemann 2010).  Still, both grazing intensities resulted in greater soil 
organic carbon levels than did no grazing or hay harvest. 
In addition to management, seasonal variations in moisture and temperature affect 
soil carbon content (Wang and Bettany 1993).  Freezing conditions depressed soil microbial 
activity and reduced rates of CO2 evolution compared to unfrozen controls.  Evolution of 
CO2 due to enhanced microbial respiration was pronounced in flooded soils compared to 
controls (Wang and Bettany 1993).  These soils also had greater losses of organic carbon due 
to leaching. 
Grazing system effects on livestock 
 Definitions 
When describing grazing treatments of pastures, both the stocking rate and stocking 
density must be considered.  Stocking rate is an animal-to-land relationship over time, while 
stocking density is an instantaneous measurement of the animal-to-land area relationship 
(Allen et al. 2011).  For instance, a 100-ha pasture holding 50 cows throughout a two-month 




, or a stocking density of 0.5 
cows · ha
-1
.  If that pasture is split into two 50-ha paddocks, each grazed for one month, the 




, but the paddocks have a 
stocking density of 1 cows · ha
-1
.  Thus when comparing grazing systems, it is essential to 
specify whether changes are being made to stocking rate, density, or both (Sollenberger et al. 
2005).  Similarly, the availability of forage in each of those situations must be specified for 
comparison.  Increasing stocking density while decreasing forage allocation compared to a 
continuously-grazed control may make it difficult to distinguish effects of forage availability 
from effects of animal density. 
12 
 
Weight gain and milk production 
Trials comparing differing stocking densities without constant forage allocation 
reported decreased bodyweight gain of animals with increased stocking density (Curtis et al. 
2008; Derner et al. 2008), as more animals obtained nutrients from a given pasture.  
However, gain per acre of pasture increased with increasing stocking density until forage 
availability became limiting (Phillip et al. 2001; Curtis et al. 2008; Derner et al. 2008).  In 
contrast, when total daily forage allocation was kept constant, offering fresh forage as either 
one or six meals to grazing dairy cows did not consistently affect milk composition or yield 
or cow body weights or condition (Dalley et al. 2001).  Rotating lactating beef cows and their 
nursing calves to new cool-season grass-legume pastures twice weekly did not affect calf 
birth or weaning weight or cow body weight compared to rotating twice monthly (Coffey et 
al. 2005).  While cow body condition score during the subsequent breeding season was lower 
for cows rotated twice weekly, it did not affect calving interval or overall performance.  Data 
suggest that livestock performance depends more on the total amount of forage offered than 
on the frequency or size of meals (Dalley et al. 2001; Coffey et al. 2005; Curtis et al. 2008).  
Grazing selectivity and forage removal 
When feed allowance is not limiting, cattle will select a diet containing more crude 
protein and less fiber than the average of the available forage (Hirata et al. 2012).  Compared 
to continuous stocking, rotational stocking reduced access to forage and prevented selective 
grazing (Phillip et al. 2001; Tharmaraj et al. 2003; Derner et al. 2008).  However, forage 
allocation was not consistent between treatments in these studies.  Increased hunger caused 
cattle to be less selective when grazing and to trade quality of forage intake for quantity 
(Hirata et al. 2012).  This result suggests that restricting animal access to forage by reducing 
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strip size would reduce grazing selectivity, as animals are more likely to be hungry at the 
time of rotation.  The Nutrient Requirements of Beef Cattle (NRC 2000) states that grazed 
forage intake was maximized at 40 g organic matter per kg of body weight, or 4% of body 
weight.  Reducing availability to 2% of body weight reduced intake by 40% (NRC 2000). 
Lambs provided equivalent amounts of sagebrush steppe pasture either as a small new 
paddock each day or as a large paddock every several days had different grazing habits 
(Shaw et al. 2006).  Lambs moved daily consumed more undesirable sagebrush than lambs 
moved every three days, and both groups consumed more sagebrush than lambs maintained 
at lower stocking densities (Shaw et al. 2006).  Thus, both the temporal allocation of forage 
and the actual quantity offered influenced selectivity.  Similarly, cattle grazing wheatgrass 
range pasture consumed high-quality forage for the first two days, but diet quality decreased 
thereafter as forage allowance became limiting (Olson et al. 1989). 
Increased stocking density is often achieved through increased frequency of livestock 
rotations to new forage (Coffey et al. 2005).  Rangeland studies indicate that optimal animal 
performance is achieved through frequent rotations, allowing cattle to select the more 
desirable and digestible portions of pasture plants (Taylor et al. 1980; Olson et al. 1989).  
However, Dalley et al. (2001) found that increasing rotation frequency from one to six times 
daily did not alter total grazing time or dry matter intake of dairy cattle and also had no 






 Fescue toxicosis 
Midwestern pastures are often characterized by tall fescue (Festuca arudinacea 
Schreb), which commonly contains the endophyte fungus Acrimoneum coenophialum 
(McClanahan et al. 2008).  The fungus accumulates in the plant (particularly the seedheads) 
and produces toxic ergopeptides including ergovaline (Belesky et al. 1988; McClanahan et al. 
2008).  Ergovaline content of pastures is greatest during anthesis and when pastures are 
fertilized, promoting forage growth and maturation (Belesky et al. 1988).  Some of these 
peptides are vasoconstrictors and contributed to heat stress in cattle by reducing peripheral 
blood flow (McClanahan et al. 2008).  The peptides also reduce forage palatability, which 
decreased forage intake and average daily gain (Belesky et al. 1988; McClanahan et al. 
2008).  Cow fertility is hampered through reduced serum prolactin and the agonistic 
relationship between ergovaline and dopamine (Jones et al. 2003; McClanahan et al. 2008).  
Ergovaline concentrations were greatest in early August when forage availability was lowest 
(McClanahan et al. 2008).  When provided with shade, cattle avoided grazing during the 
hottest parts of the day and did not compensate by grazing more when it was cooler 
(McClanahan et al. 2008).  Cattle in densely-stocked pastures may be forced to consume 
infected forage and suffer from fescue toxicosis (Belesky et al. 1988).  Slow progression of 
cattle through paddocks may allow maturation of forage plants, increasing the likelihood of 
fescue toxicosis (Belesky et al. 1988). 
Heat stress 
Temperature and humidity affect cattle performance, particularly through heat stress 
at high temperature and humidity index (THI) values (National Research Council 1981; 
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McClanahan et al. 2008).  Temperature-humidity index is calculated from ambient 
temperature and humidity values (Hubbard et al. 1999).  High THI conditions (> 84) were 
associated with reduced intake and performance of cattle, particularly when sustained for 
days without any recovery (THI ≤ 74) periods (Hubbard et al. 1999).  The National Research 
Council (1981) established cutoffs for mild heat stress at 25°C to 35°C and severe heat stress 
at greater than 35°C.  However, at high humidity, the heat stress threshold temperatures are 
reduced (NRC 1981).  Heat stress has been associated with reduced grazing time 
(McClanahan et al. 2008) and dry matter intake (Wheelock et al. 2010), leading to reduced 
growth of calves (McClanahan et al. 2008; O’Brien et al. 2010) and milk production of cows 
(Wheelock et al. 2010) in pasture production systems.  Heat stress during late pregnancy may 
lead to reduced gestation length and lower birth and weaning weights of calves (Tao et al. 
2012).  Researchers speculated that increased circulating cortisol in calves of heat-stressed 
cows (Tao et al. 2012) induced parturition prematurely (Wood and Keller-Wood 1991). 
 
Summary 
While research has evaluated the effects of varying stocking density and rate on 
pasture forage production and quality, soil characteristics, and animal production, few trials 
have been conducted on Midwestern pastures (Taylor et al. 1993; Banerjee et al. 2000).  
Many experiments that increased stocking density did not maintain equal forage allowance 
(Curtis et al. 2008; Derner et al. 2008) which confounds the interpretation of effects of 
stocking density on forage, soils, and livestock performance.  When equal forage allowance 
was maintained, treatments varying in feeding or rotation frequency resulted in only minimal 
differences in animal performance (Dalley et al. 2001, Coffey et al. 2005).  Increased 
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stocking density may improve forage mass and nutritive quality (Sanderson et al. 2005; Roth 
et al. 2011), but may also harm forage regrowth and persistence (Vickery 1972; Phillip et al. 
2001).  Trampling of forage matter into the soil may improve soil carbon content (Schuman 
et al. 1999; Conant et al. 2003) and protect against surface compaction (Franzluebbers and 
Stuedemann 2010), but may also increase subsurface soil bulk density and penetration 
resistance (Donkor et al. 2002), thereby reducing water infiltration (Warren et al. 1986).  The 
net effects on cattle performance and forage and soil characteristics of increasing stocking 







CHAPTER 2. STOCKING SYSTEM EFFECTS ON CATTLE PERFORMANCE, 
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Increasing stocking density and rotation frequency of grazing cattle may improve forage 
yield and quality and soil carbon content, but may reduce livestock performance and forage 
persistence and compact soil.  Sixty mature August-calving Angus cows (Bos taurus L.; 
mean body weight (BW), 585 ± 9.9 kg) were allotted to six 4.05-ha cool-season pastures to 
graze by rotational (RS), strip (SS), or mob (MS) stocking from May through September for 
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 in RS, SS, and MS pastures, respectively.  Daily live forage allowance was equal 
across treatments.  Forage was offered as an entire paddock until 50% of the forage dry 
matter (DM) was removed or as strips either one or four times daily in RS, SS, and MS 
pastures, respectively.  Stocking density did not significantly affect cow BW, body condition, 
or grazing selectivity; calf birth weight, average daily gain, or survival; forage mass, 
botanical composition, in vitro DM disappearance, or crude protein concentration; or soil 
moisture, carbon content, or water infiltration rate.  Mean monthly forage disappearance was 
lower in RS than MS and SS pastures in May and June (month*treatment, P < 0.01); lower in 
RS than MS pastures in 2010, and lower in RS than SS and MS pastures in 2011 
(year*treatment, P = 0.02).  Soil bulk density tended to be lower in SS than RS pastures in 
July, but was greater in SS than RS pastures in October in both years (month*treatment, P = 
0.07).  Results demonstrate that in the first two years of implementation, increased stocking 
density with adequate forage allowance does not significantly affect cow or calf 
performance, forage mass or composition, or soil physical properties. 
 
Key words: grazing, beef cattle, stocking density, soil compaction, legumes 
 
Introduction 
Grazing intensity and duration affect botanical composition and nutritional value of pasture 
forages and physical properties of pasture soils through defoliation and treading (Pavlů et al. 
2003; Roth et al. 2011).  While moderate defoliation controlled maturity (Roth et al. 2011) 
and allowed establishment and growth of legume and grass seedlings (Marshall et al. 1998; 
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Guretzky et al. 2004), excessive leaf removal reduced photosynthetic capacity and impaired 
root function and growth of pasture vegetation (Donaghy et al. 2008; McInenly et al. 2010).  
Severe defoliation and inadequate rest periods overcame plants’ abilities to regrow and 
reduced pasture production (Phillip et al. 2001). 
To increase stocking density, forage allowance for grazing livestock is often 
decreased (Derner et al. 2008), and competition reduces grazing selectivity (Phillip et al. 
2001; Tharmaraj et al. 2003; Derner et al. 2008).  Limited forage quality and availability 
reduced body condition and average daily gain of densely-stocked cow-calf pairs grazing tall 
fescue (Curtis et al. 2008).  Increasing the frequency of rotation without restricting forage 
allowance did not affect cow and calf weight gains, although cow body condition was 
reduced (Coffey et al. 2005).  At high levels of forage allowance, rotating six times rather 
than once daily increased milk yield and reduced body weight loss in early-lactation dairy 
cows (Dalley et al. 2001).  However, providing a lower forage allowance resulted in lower 
milk yield from cows moved six times daily (Dalley et al. 2001), implying less grazing 
selectivity. 
 Trampling forage and fecal matter incorporated organic matter and nutrients into soils 
(Schuman et al. 1999; Conant et al. 2003), which protected upper soil layers from 
compaction (Franzluebbers and Stuedemann 2010).  Concentrated hoof action caused by high 
stocking rates over a grazing season increased soil bulk density in loam (Donkor et al. 2002), 
sandy loam (Banerjee et al. 2000), and silt loam (Drewry and Paton 2000) soils.  Soil 
compaction associated with increased stocking rate impaired growth of pasture plants within 
a grazing season, but freeze-thaw cycles between seasons reduced compaction to levels that 
allowed subsequent plant growth (Donkor et al. 2002; Bell et al. 2011). 
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 Previous studies have investigated effects of high stocking density grazing and 
frequent rotation on livestock, forage, and soil characteristics on northern prairie, boreal, and 
downland pastures (Donkor et al. 2002; Derner et al. 2008). However, the effects of high 
density, short duration grazing of pastures under the forage, soil, and climatic conditions of 
Midwestern pastures is unknown.   Furthermore, because stocking density was confounded 
with forage allowance in previous studies (Phillip et al. 2001; Donkor et al. 2002; Derner et 
al. 2008), it is difficult to isolate the effects of stocking density alone.  The present study was 
designed to measure the effects of increasing stocking density while maintaining equal forage 
allocation rate on cow and calf performance and grazing selectivity, forage mass and 
composition, and soil physical properties of Midwestern cool-season pastures. 
 
Materials and Methods 
Pastures 
Two 12.2-ha pastures at the Iowa State University Beef Nutrition Farm near Ames, 
Iowa (lat 42
o03’33”N, long -93o41’01”W) were seeded with ‘Fawn’ endophyte-free tall 
fescue (Festuca arundinacea L.) in 2000.  Red clover (Trifolium pratense  L.) was frost-
seeded in these pastures annually from 2001 through 2004.  Pastures were grazed and/or 
harvested for hay from 2001 through 2009.  Pastures were sprayed with herbicide (Grazon; 
Dow Agrosciences LLC, Indianapolis, IN) for weed control in 2009, killing most of the red 
clover.  Soil types, as a percentage of total area, were primarily Clarion loam (55.7%, fine-
loamy, mixed, superactive, mesic Typic Hapludolls) and Webster clay loam (27.7%, fine-
loamy, mixed, superactive mesic Typic Endoaquolls) in pasture 1 and Clarion loam (28.4%), 
Canisteo clay loam (28.2%, fine-loamy, mixed, superactive, calcareous, mesic Typic 
21 
 
Endoaquolls), Webster clay loam (17.5%), and Nicollet loam (14.8%, fine-loamy, mixed, 
superactive, mesic Aquic Hapludolls) in pasture 2. 
In March 2010, common red clover was broadcast-seeded at 11.2 kg · ha
-1
 in each 
pasture.  Soil samples were collected with a 2.2-cm-diameter core to a depth of 15.2 cm at 90 
sites within each pasture in May 2010 and analyzed at the Iowa State University Soil and 
Plant Analysis Lab (Iowa State University, Ames, IA).  Soil pH, Bray-1 P (ppm), and K 
(ppm) were 7.3, 40.3, and 139.3 in pasture 1 and 7.3, 74.3, and 250.5 in pasture 2.  Because 
of the high pH and concentrations of Bray-1 P and K in the soils in both pastures, no 
additional fertilizer was applied.  In May 2010, each 12.2-ha pasture was designated as a 
block and divided into three 4.05-ha pastures which were subdivided into ten 0.41-ha 
paddocks with electric fence. 
Treatments  
In 2010, one 4.05-ha pasture within each block was randomly assigned to one of three 
stocking systems; rotational (RS), strip (SS), or mob (MS) stocking for 2010 (yr 1) and 2011 
(yr 2).  Sixty multiparous August-calving Angus cows (Bos taurus L.) in mid-gestation were 
fed large round bales of grass hay ad libitum for five days to equalize gut fill.  On 14 May 
2010 and 24 May 2011, cows were blocked by body weight (BW) and body condition score 
(BCS) (initial BW [mean ± SEM] 585 ± 9.9; 622 ± 2.5 kg and initial BCS [mean ± SEM] 
4.85 ± 0.01; 4.85 ± 0.04 in yr 1 and 2, respectively) and 10 cows were randomly allotted to 
each pasture. 
Forage sward heights were measured with a falling plate meter (4.8 kg ∙ m-2; 
Hermann et al. 2002) at 10 random locations per paddock before and after cows grazed the 
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paddock.  Sward heights prior to grazing each paddock were averaged and used to estimate 
live forage DM mass, assuming 112 kg live DM ∙ ha-1 ∙ cm-1 (Hermann et al. 2002). 
In yr 1, cows in each pasture were provided live forage dry matter (DM) at  4.0% cow 
BW ∙ d-1 from the initiation of grazing until 1 August and at 5% cow BW ∙ d-1 to account for 
the increased demands of lactation from 1 August until mid-September.  Because treatments 
had little effect on pasture forage and soil characteristics or cow BW or BCS change and calf 
weights at the termination of grazing of yr 1, live forage DM allowance in yr 2 was reduced 
to 3.2% cow BW ∙ d-1 for all treatments until grazing was terminated on 30 September.  
Grazing of pastures with the RS and SS treatments was initiated immediately after allotment 
in each year.  Cows in RS pastures grazed each 0.41-ha paddock until 50% of the forage was 
removed.  In yr 1, the proportion of forage removed was estimated from daily sward height 
measurements.  In yr 2, the duration of grazing was determined as 50% removal of the live 
forage DM mass as cows entered each paddock at a live forage allowance of 3.2% BW ∙ d-1.  
Paddocks in SS pastures were subdivided into strips with temporary electric fence.  Cows in 
SS pastures were given access to a new strip each day, which contained the daily allocation 
of forage.  No back fence was installed. 
In order to attain an initial stocking density of 336 000 kg BW ∙ ha-1 in the MS 
pastures at a live forage DM allowance of 4% cow BW ∙ d-1 in yr 1, grazing in the MS 
pastures was initiated on 26 May.  In yr 2, grazing at a stocking density of 336 000  kg ∙ ha-1 
was initiated on 24 and 27 May in block 2 and 1 of the MS pastures.  When cows were 
temporarily removed for veterinary treatment or when rumen-fistulated steers were stocked 
on the pastures for determination of grazing selectivity, live forage DM allowances were 
adjusted proportional to the stocking density.  Cows in MS pastures were moved four times 
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daily at 0600, 0900, 1800, and 2200 h into strips containing 25% of the daily live forage 
allowance with a backfence installed.  Because grazing was delayed in the MS pastures until 
an adequate forage allowance was achieved, cattle in MS pastures were stocked in the first 
paddock of each MS pasture and offered round bales of grass hay ad libitum until the proper 
sward height was reached in the adjacent paddock.  Mean amounts of hay DM offered to 
cattle in MS pastures were 35.8 and 8.5 kg ∙ cow-1 in yr 1 and 2, respectively. 
Water and salt were provided ad libitum in each paddock of the RS and SS pastures 
and each strip of the MS pastures.  A mineral mixture (Framework 365 Mineral; Kent Feeds, 
Inc, Muscatine, IA) was limit-fed once weekly to prevent overconsumption. 
 
Weather 
Monthly precipitation and average temperatures from May through September were obtained 
from the Ames 8 WSW weather data station (lat 42°1’14.88”N, long -93°46’26.76”W; Iowa 
Environmental Mesonet, Iowa State University Department of Agronomy, Ames, IA).  Total 
precipitation during the grazing season (May through September) was 1001 and 464 mm in 
yr 1 and 2, respectively, compared to the 30-yr average of 566 mm.  Precipitation from 
October to April prior to grazing each May was 466 and 273 mm in yr 1 and 2, respectively, 
compared to the 30-yr average of 330 mm.  Mean daily temperatures were 21.2°C and 
20.3°C in yr 1 and 2, respectively, compared to the 30-yr average of 20.3°C.  From May 
through July, before cows were due to calve, there were 19 and 28 d with maximum 
temperatures over 30°C in yr 1 and 2, respectively, compared to the 30-yr average of 20 d.  
Nine of those days in yr 1 and 18 in yr 2 occurred during July, when cows were late in their 
third trimester of pregnancy.  In August, when cows were calving, there were 12 and 5 d with 
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maximum temperatures greater than 30°C in yr 1 and 2, respectively, compared to the 30-yr 
avg of 7 d (Table 1). 
Heavy rains in June and August of 2010 caused sustained standing water in 
approximately 0.15 and 0.30 ha of the RS pastures and 0.15 and 0.62 ha of the SS pastures in 
blocks 1 and 2.  Most forage plants in these portions of pastures died, so in April 2011, the 
affected areas were re-seeded with a mixture of oats (Avena sativa L., 7.25 kg · ha
-1
), annual 
ryegrass (Lolium multiflorum Lam., 4.54 kg · ha
-1), and ‘Fawn’ endophyte-free tall fescue 
(9.07 kg · ha
-1
).  A 0.32-ha section in the SS pasture in block 2 that was most severely 
affected by waterlogging in yr 1 was excluded from grazing and sampling in yr 2.  An 
equivalent area of pasture was provided on a paddock adjacent to this pasture to maintain 
equal stocking rate and rotation length.  This additional paddock was not sampled and pre- 
and post-grazing forage sward heights were not included in the final data set. 
Measurements 
Cow and calf production 
Cows were weighed at the initiation and termination of grazing after being offered 
grass hay ad libitum for a minimum of five days to equalize gut fill (Wagnon and Rollins 
1962).  Cows were also weighed unshrunk and visually scored for body condition on a 9-
point scale (1 = thin, 9 = obese; Neumann and Lusby 1986) by one experienced individual 
every 28 d.  Calves were weighed at birth and termination of grazing.  Calf weight gain from 
birth through the termination of grazing was used to determine average daily gain.  Average 
daily gains of calves that died or were removed from the trial (due to abandonment by the 
dam or treatment of heat stress or septicemia not resolved before the end of the trial) were 
excluded from the final data set, as were the August and September 2011 data from one cow 
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in an MS pasture that was removed for aggressive behavior post-calving.  Calf survival to the 
end of the trial was calculated as the proportion of calves present in a pasture at the end of 
the trial divided by the number of cows allotted to that pasture. 
 Forage sward height and disappearance 
Mean forage sward heights of paddocks before and after grazing were measured at 
ten locations per paddock, as described above.  Forage disappearance for each paddock was 
estimated as the difference between the mean pre- and post-grazed sward heights divided by 
the mean pre-graze sward height.  For statistical analysis, forage sward heights and 
disappearances were averaged by month.  A linear regression analysis of the actual live 
forage masses from 66 sites in this study compared to predicted values yielded an R
2
 of 0.80. 
Forage mass and botanical composition 
Forages were sampled by hand-clipping to a height of 2.5 cm at three randomly 
selected 0.25-m
2
 sites per paddock at the initiation of grazing and every 28 d thereafter.  To 
consider the effects of grazing on forage mass and composition, forage samples were 
composited within the grazed or pregrazed paddocks at sampling in each rotation within each 
pasture.  Samples were stored in a -20°C freezer until analysis.  To determine botanical 
composition, forage samples were hand-sorted into dead forage, and live grass, legume, and 
broadleaf weed species.  In May, live grass samples were further sorted by individual 
species. 
Grazing selectivity 
Forage selected during grazing was sampled in June, July, and August of each year.  
In each month, one ruminally-fistulated steer was randomly assigned to each pasture within 
one block and allowed to adjust for a minimum of five days.  On two consecutive days, the 
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rumens of the steers were evacuated and rinsed three times with water.  Steers were allowed 
to graze for two hours.  Following grazing, rumen extrusa were removed, sub-sampled, and 
frozen at -20.0°C and rumen contents were placed back into the respective steers (Driskill et 
al. 2007).  Procedures were subsequently repeated within the second block of pastures.  
Simultaneous to measurement of selected forage, available forage was sampled by hand-
clipping from two 0.25-m
2
 sites in the paddock or strip being grazed. 
Soil physical properties 
Soil was sampled in May, July, and October of each year at three randomly-selected 
sites per paddock.  Above-ground forage and surface litter were removed at each location.  
One sample for soil bulk density and carbon content was collected with a 5.1-cm-diameter 
core sampler (Soil Core Sampler; AMS Inc, American Falls, ID) with a 7.6-cm-tall plastic 
sleeve to a depth of approximately 11 cm.  After removal of the plastic sleeves from the 
sampler, extra soil was cut from the bottom of the plastic sleeve and sample height was 
measured for determination of total sample volume for use in calculating soil bulk density.  A 
second sample was collected with a 2.2-cm-diameter core to a depth of 15.2 cm, split into top 
and bottom 7.6 cm sections, and dried at 100°C for 96 h to determine soil moisture. 
Soil water infiltration rates were measured in May, July, and October of each year at 
two randomly-selected sites per paddock.  At each location, above-ground forage and surface 
litter were removed and a double-ring infiltrometer with an inner ring diameter of 15.2 cm 
and a height of 10 cm (Heavy Duty Infiltration Rings; Turf-Tec International, Tallahassee, 
FL) was inserted into the ground to a depth of 5.0 cm.  Water infiltration rates were 
determined over 90 min by recording the time and volume of water additions to maintain a 
ponding depth between 5.0 and 2.5 cm.  Water infiltration rates were calculated as the mean 
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of the final three measurements for each site or if the ring was filled less than three times, the 
average infiltration rate over the last 60 min, as described in Abdel-Magid et al. (1987).  
Simultaneous to measurement of water infiltration rates, soil was sampled with a 2.2-cm-
diameter core sampler to a depth of 15.2 cm within 30.5 cm of the infiltrometer at each 
location.  Samples were weighed before and after oven-drying at 100°C for 96 h for 
determination of antecedent soil moisture. 
Chemical analyses 
Monthly hand-sorted forage samples and the hand-clipped available forage samples 
taken during determination of grazing selectivity were weighed, dried at 65°C for 48 h, and 
reweighed for determination of forage mass.  Total forage DM mass was determined by 
adding the DM mass of live and dead fractions, and the proportions of grass, legume, and 
broadleaf weeds in the live DM were determined by dividing the DM mass of the fractions 
by the live forage DM mass.  Dry live forage fractions were composited.  Live forage and 
hand-clipped available forage samples were ground to pass through a 1-mm screen (Model 4 
Wiley Mill; Thomas Scientific, Swedesboro, NJ) for further analysis.  Rumen extrusa 
samples were freeze-dried (VirTis SupraChamber 24; VirTis Company, Inc, Gardiner, NY) 
and ground through a 1 mm screen.  Forage samples and rumen extrusa samples were 
analyzed for in vitro dry matter disappearance (IVDMD) with a 48 h incubation in rumen 
fluid with the NC-64 phosphate buffer, followed by a 24 h incubation with HCl and pepsin 
(Marten and Barnes 1979).  Fistulated steers fed grass hay (yr 1) or grazing fresh grass (yr 2) 
were used as rumen fluid donors.  Crude protein (CP) was determined by Kjeldahl N 
(Association of Official Analytical Chemists 1990) multiplied by 6.25.  Following chemical 
analysis, selectivity indices were calculated as the ratio of the concentration of IVDMD or 
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CP in extrusa samples to its concentration in the hand-clipped available forage.  In each 
pasture, selectivity indices generated from the two collection days within a month were 
averaged for statistical analysis.  Mean monthly values were also calculated for the IVDMD 
and CP concentrations and analyzed. 
Soil bulk density samples were weighed and split longitudinally.  One half was dried 
at 100°C for 96 h to determine dry matter content.  Soil bulk density (SBD) was calculated 
by dividing total dry soil mass (% dry matter of oven-dried soil multiplied by total initial 
sample weight) by sample volume.  Visible roots and stones were removed from the other 
half and it was allowed to air-dry for 96 h.  Air-dried samples were ground to pass a 2-mm 
screen and roller-milled for eight hours (Frank et al. 1995) before analysis of total soil carbon 
by combustion (TruSpec CN; LECO Corporation, St. Joseph, MI). 
Statistical analysis 
Data were analyzed by the MIXED procedure of SAS (SAS 9.2; SAS Institute, Inc, 
Cary, NC).  Individual pastures (treatment by block) served as a random statement for 
analysis of repeated measures.  Models for cow BW, BCS, stocking density, and grazing 
selectivity; forage sward height and disappearance; and soil bulk density, water infiltration 
rate, and moisture content concurrent to water infiltration measurements included block, 
year, month, treatment, and month by treatment and year by treatment interactions.  Models 
for calf birth weight and ADG included block, year, treatment, and the interaction of year and 
treatment as well as random effects of calf sex and the interaction of treatment and calf sex.   
The model for analysis of the grass species composition of the May forage samples and calf 
survival included block, year, treatment, and the year by treatment interaction.  Models for 
botanical composition, nutrient analysis, and DM mass of monthly forage samples included 
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block, year, month, treatment, grazing status (grazed or pregrazed), and  two-way 
interactions of treatment with month, year, and grazing status.  Differences between means 
with significant effects were determined by comparing least-squares means (PDIFF 
statement).  Results are reported as least-squares means, with significance noted if P ≤ 0.05 




As designed, stocking density differed between treatments with the RS, SS, and MS 
pastures averaging 16 000, 80 000, and 350 000 kg cow BW · ha
-1
 (P = 0.02, Fig. 1).  
Stocking density in SS and MS pastures was greater in yr 2 than yr 1 because of reduced 
forage allowance in yr 2, but stocking density in RS pastures did not differ between years 
(year by treatment, P = 0.04).  Stocking density was lower (P < 0.05) in September than 
other months.  Stocking densities in May, June, and July were greater (P < 0.05) than August 
or September, but did not differ from one another.  While initial stocking density in MS 
pastures was 336 000 kg cow BW · ha
-1
, due to the rapid forage growth at that time, stocking 
density in MS pastures was 435 000 kg cow BW · ha
-1 
in June as strip size decreased to 
supply the forage allowance.  Stocking densities in RS pastures did not differ between 
months in either year, while those of SS and MS pastures were lower in later months than in 
May and June (month by treatment, P < 0.01). 
Cow and calf production 
Mean cow BW over the two grazing seasons was 628 ± 2.5 kg and was not affected 
by treatment, year, or interactions of treatment with year or month (P > 0.10; Appendix Table 
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1).  Mean cow BW was lower (P < 0.01) in May and September than other months.  Mean 
cow BCS was 5.23 ± 0.04 and was not affected by treatment or the interactions of treatment 
with year or month.   Mean cow BCS was lower (P < 0.01) in yr 2 than yr 1, likely related to 
the lower forage allowance in yr 2.  Cow BCS was lower (P < 0.05) in May and June than 
later months. 
Mean calf birth weight was 31.2 ± 1.2 kg across both grazing seasons and was not 
affected (P > 0.10) by treatment or the interaction of treatment and year (Appendix Table 2).  
However, similar to cow BCS, mean calf birth weight tended to be lower (P = 0.06) in yr 2 
than yr 1.  Mean average daily gain of calves present at the termination of grazing was 1.08 ± 
0.03 kg · d
-1
 and was not affected (P > 0.10) by treatment, year, or the interaction of 
treatment with year.  Mean survival of calves at the end of each year was 88 ± 5.1% of the 
cows in each pasture and did not differ (P > 0.10) between treatments or years.  Calf losses 
were caused by abortions (six calves), navel ill or other unconfirmed conditions (five calves), 
or abandonment by the cow (two calves). 
Forage sward height and disappearance 
There were no significant effects of treatment or year nor interactions between 
treatment and year or month on mean monthly forage sward heights prior to cattle entering 
each new paddock (P > 0.10).  Mean initial sward heights in May, June, July, August, and 
September were 25.1, 28.8, 28.1, 22.0, and 14.5 cm, respectively (P < 0.01). 
Mean live forage disappearance, as a proportion of available live forage DM as 
estimated with a falling plate meter, was not affected by treatment (P > 0.10) but was 
affected by the interactions of treatment with year and month (Fig. 2).  Live forage 
disappearance was lower (P < 0.01) in yr 1 than yr 2 likely as a result of lower forage 
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allowance in yr 2.  Furthermore, disappearance was lower (P < 0.01) in May than all other 
months and was lower in June and September than July or August.  Live forage 
disappearance in RS and MS pastures did not differ between years, but disappearance in SS 
pastures was greater in yr 2 than yr 1 (year by treatment, P = 0.02).  Because cows in RS 
pastures were rotated daily for the first 20 days of grazing each year, live forage 
disappearance in RS pastures was lower than SS and MS pastures in May and June, but not in 
other months (month by treatment, P < 0.01). 
Forage mass and botanical composition 
Prior to the initiation of grazing in May, the proportion of dead forage in the total DM 
and the proportions of grass, legume, and weed species in the live forage DM were not 
affected by treatment or interactions of treatment with year (P > 0.10).  Mean proportions of 
tall fescue, orchardgrass (Dactylis glomerata L.), and Kentucky bluegrass (Poa pratensis L.) 
in the live DM in May of each year were 56.0, 11.2, and 18.8%; the proportions of these and 
other grasses did not differ (P > 0.10) between treatments in either year.  Kentucky bluegrass 
was more prevalent in yr 1 than yr 2 (P < 0.05) across all treatments.  In contrast, the 
proportion of orchardgrass was greater in yr 2 than yr 1 (P < 0.01), particularly in RS 
pastures (year by treatment, P = 0.03; Appendix Table 3). 
Proportion of dead forage DM in the total forage was affected by year, month, and 
grazing, but was unaffected by treatment or interactions of treatment with year or month (P > 
0.10).  The proportion of dead forage DM was greater (P < 0.01) in yr 1 than yr 2 likely 
because lower forage allowance in yr 2 caused greater forage disappearance and forage mass 
was reduced in yr 2 following high precipitation in yr 1 and low precipitation in yr 2 (Table 
3).  The proportion of dead forage was greater (P < 0.01) in grazed than pregrazed paddocks, 
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likely a result of grazing selection.  Mean proportions of dead forage DM in grazed and 
pregrazed samples were 13.0, 20.5, 31.2, 37.5, 44.6, and 53.9% in May, June, July, August, 
September, and October, respectively (P < 0.01). 
The proportion of grass species in the live forage DM was greater (P < 0.01) in yr 1 
than yr 2 and greater (P < 0.05) in grazed than pregrazed paddocks.  However, there were no 
main effects of treatment or interactions of treatment with year or month on the proportion of 
grass species in the live DM (P > 0.10).  The mean proportion of legume species in the live 
forage DM was greater (P < 0.01) in yr 2 than yr 1 and was greater (P < 0.01) in pregrazed 
paddocks than grazed paddocks.  However, there were no main effects of treatment or 
interactions of treatment with year or month on the proportion of legume species in the live 
DM (P > 0.10).  While the 12.2-ha blocks of pastures had been managed similarly for 10 
years prior to the start of the current trial, throughout the experiment, one block contained 
significantly more legumes (4.79 ± 0.71% versus -0.22 ± 0.01%; P < 0.05) and tended to 
have less grass (94.2 ± 0.09% versus 99.7 ± 0.80%; P = 0.08) as proportions of live forage 
DM.  Although red clover was broadcast-seeded at 11.2 kg · ha
-1
 in March 2010, a low 
presence of legumes in the seed banks of the pastures may have limited legume establishment 
in these pastures regardless of stocking density.  Mean proportion of broadleaf weeds in the 
live DM over the experiment was 1.27 ± 0.21% and did not differ (P > 0.10) between 
treatments, years, months, or grazing. 
There were no effects of treatment nor interactions of treatment with month, year, or 
grazing on the total and live forage masses (P > 0.10; Table 2).  Total and live forage masses 
were lower (P < 0.01) in yr 2 than yr 1, possibly as a result of the lower forage allowance in 
yr 2 compared to yr 1, the high amounts of precipitation in yr 1, and low amounts of 
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precipitation in yr 2.  Total and live forage masses were lower (P < 0.01) in grazed than 
pregrazed paddocks.  Total forage mass was lower (P < 0.01) in May and October compared 
to other months; masses in June, July, and August did not differ but were greater (P < 0.01) 
than September.  Live forage masses were greatest (P < 0.01) in June and lowest in October; 
those in May and September did not differ, but were lower (P < 0.01) than in July and 
August. 
Forage chemical analyses 
Live forage IVDMD and CP were not affected (P > 0.10) by treatment or grazing or 
the interactions of treatment with year, month, or grazing.  Both live forage IVDMD and CP 
concentrations were greater (P < 0.01) in yr 2 than yr 1.  Within each year, IVDMD and CP 
concentrations in live forage in May were greater (P < 0.01) than June or July, but lower than 
August, September, and October (Table 4). 
Grazing Selectivity 
Selectivity indices for IVDMD were unaffected (P > 0.10) by treatment or the 
interaction of treatment and month (Table 5).  The selectivity index for IVDMD was greater 
(P < 0.01) in yr 1 than yr 2.  The IVDMD concentration in available forage was greater (P < 
0.01) in yr 2 (51.7%) than yr 1 (45.8%), while the concentration of IVDMD in rumen extrusa 
did not differ between years (51.5% and 52.8% in yr 1 and 2, P > 0.10). 
The selectivity index for CP in MS pastures (1.01) tended (P = 0.09) to be lower than 
the selectivity indices in RS (1.25) and SS (1.24) pastures.  Similar to IVDMD, the 
selectivity index for CP was greater (P < 0.01) in yr 1 than yr 2, and tended to be lower in 
August than in June or July (P = 0.09).  Both available forage and rumen extrusa samples had 
greater (P < 0.05) CP content in yr 2 than yr 1.  Mean available forage CP concentrations at 
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the determination of grazing selectivity were 7.6% and 10.2% in yr 1 and 2, while the CP 
concentrations of rumen extrusa were 9.5% and 10.5% in yr 1 and 2, respectively. 
Soil physical properties 
Soil bulk density from 0 cm to 7.6 cm averaged 1.16 ± 0.02 g · cm
-3
 and was 
unaffected by treatment, year, or month (P > 0.10, Table 6).  Across the two years, soil bulk 
densities in MS pastures did not differ between months.  However, soil bulk densities in SS 
pastures were greater in October than May or July.  Soil bulk densities in RS pastures in May 
were lower than July, but did not differ from October (month by treatment, P = 0.07). 
Soil moisture content from 0 cm to 7.6 cm and 7.6 cm to 15.2 cm was not affected (P 
> 0.10) by of treatment or year, or interactions of treatment with year, month, or depth 
(Appendix Table 4).  Moisture content was greater (P < 0.01) in May and July than October, 
and was greater (P < 0.01) from 0 cm to 7.6 cm than 7.6 cm to 15.2 cm. 
Similar to soil bulk density and soil penetration resistance, water infiltration rates into 
the soil were not affected (P > 0.10) by treatment, year, or interactions of treatment with year 
or month.  Infiltration rate in July tended to be greater (P = 0.09) than October (Fig. 3).  Soil 
moisture content of samples taken simultaneous to water infiltration determination in 
October was lower (P < 0.01; Appendix Table 5) than May or July. 
Mean total soil carbon content to a depth of 7.6 cm was 4.04 ± 0.11%, and was not 
affected by treatment or month, or interactions of treatment with month or year.  However, 






No differences were observed in cow BW or BCS or calf birth weight or daily gain 
when equal amounts of forage were offered until 50% of the forage was removed, daily, or 
four times daily, suggesting that forage intake was similar across treatments.  Forage 
disappearance estimated with a falling plate meter approximates forage consumption by 
cows.  While forage disappearance was low in RS pastures in May and June because of daily 
rotation of cows in RS pastures, it did not differ between treatments in other months.  Dalley 
et al. (2001) reported similar dry matter intake and milk yield of cows offered the same total 
amount of forage either as one or six daily meals.  Selectivity indices for IVDMD and CP did 
not differ between treatments in the current trial, further indicating that forage allowance was 
sufficient to meet cows’ nutritional needs across treatments.  Lower BCS in yr 2 likely 
reflects reduced forage allowance.  Livestock gains were reduced when rotation frequency or 
stocking density of grazing cattle was increased and forage allocation not kept constant 
(Curtis et al. 2008; Derner et al. 2008). 
Calf birth weights were lower in yr 2 than yr 1 likely because some cows calved 
earlier than expected, which may have resulted from heat stress (Tao et al. 2012).  During 
July (the final month of gestation), there were 18 d with maximum temperatures above 30°C 
in yr 2 compared to nine days in yr 1.  The mean daily temperature in July of yr 2 was 
25.6°C, which exceeded the NRC minimum value of 25°C for mild heat stress (NRC 1981).  
Although pastures were seeded with endophyte-free tall fescue in 2000, the endophyte 
fungus was detected in seedheads sampled from all pastures in August 2010 (Veterinary 
Diagnostic Laboratory; Iowa State University, Ames, Iowa).  Heat stress conditions and 
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endophyte-infected tall fescue may have superseded any potential stocking density effects on 
calf production (McClanahan et al. 2008). 
Treatment did not affect forage sward height in a paddock prior to grazing or the 
mean mass of total or live forage DM in the grazed and pregrazed paddocks over a grazing 
season.  Phillip et al. (2001) also found no season-long differences in mean forage production 
(pregrazed mass minus postgrazed mass over each grazing event) in pastures grazed at 
different frequencies, though mass was reduced under high stocking rates.  Excessive 
precipitation and grazing on muddy soils in yr 1 may have caused the loss of organic matter 
and nutrients through leaching and microbial respiration (Wang and Bettany 1993), reduced 
soil oxygen saturation (De-Campos et al. 2009), and impaired forage regrowth (Phillip et al. 
2001), leading to reduced forage mass in yr 2.  These challenges may have been further 
exacerbated by below-average precipitation between the end of grazing in yr 1 and the 
initiation of grazing in yr 2 (273 mm compared to the 30-yr average of 330 mm), the 
increased stocking density in yr 2, and dry conditions in yr 2 (464 mm precipitation from 
May through September compared to the 30-yr average of 566 mm).  Results from the 
current project suggest that within two years, increasing grazing intensity through greater 
stocking density and more frequent rotation does not affect forage mass differently than less 
intense stocking. 
Grazing removes some of the forage canopy, allowing penetration of sunlight and the 
establishment and growth of legume species, particularly in heavily-stocked pastures 
(Wallace 1990; Guretzky et al 2004).  In the current trial, legume content was greater in yr 2 
than yr 1 but did not differ between treatments.  Coffey et al. (2005) and Guretzky et al. 
(2007) found no relationships between stocking density or rotation frequency and legume 
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presence, but Pavlů et al. (2003) reported greater legume content in heavily-grazed pastures.  
Grazing of strips in the last paddock of the MS pastures was not initiated until late July or 
early August each year.  Delayed grazing of these paddocks may have allowed grass species 
to inhibit legume establishment (Guretzky et al. 2007). 
Forage nutrient composition is dependent on the species composition of the pasture 
(Popp et al. 1997; Marshall et al. 1998) and the maturity of the forage (Roth et al. 1990).  A 
greater proportion of legume species in pastures in yr 2 than yr 1 may have contributed to the 
increased forage IVDMD and CP concentrations in yr 2.  However, it seems more likely that 
dry weather in yr 2 delayed maturity of forages and caused greater IVDMD and CP 
concentrations (Asay et al. 2002).  While daily rotation of RS pastures in the beginning of 
each grazing season was intended to prevent excessive maturity of forage by removing 
reproductive structures, IVDMD and CP concentrations did not differ between treatments. 
Grazing compacted loam soils (Drewry and Paton 2000; Donkor et al. 2002), and 
trampling and hoof action on the soil from high stocking densities led to incorporation of 
organic matter (Schuman et al. 1999; Conant et al. 2003).  In the current trial, water 
infiltration rate and soil bulk density did not differ between treatments, suggesting that the 
high stocking density used in the MS treatment did not increase compaction relative to other 
treatments within the first two years of establishment.  However, freeze-thaw cycles may 
ameliorate some compaction between grazing seasons (Horn et al 1995; Donkor et al. 2002) 
and soil physical properties may not appreciably change for years (Abdel-Magid et al. 1987).  
Thus, soil physical properties may appear to be unaffected by treatment because of the 
limited number of grazing seasons observed. 
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Total soil carbon content in yr 2 was significantly lower than yr 1, which is surprising 
as total soil carbon often takes years to noticeably change (Banerjee et al. 2000).  Saturated 
soils due to extended periods of heavy precipitation in yr 1 may have lost soil carbon as CO2 
(Wang and Bettany 1993) and CH4 (van Hulzen et al. 1999).  Flooded soils have reduced 
aggregate stability and increased dissolved organic carbon which may then be lost in runoff 
and leaching (De-Campos et al. 2009). 
 Increasing stocking density and rotation frequency of grazing cows on cool-season 
grass-legume Midwestern pastures does not affect cow or calf performance, forage botanical 
composition or mass, or soil physical properties in the first two years of implementation.  
Treatment effects may have been greater if used a longer time period.  Climate conditions 
during the two years of testing may also have superseded treatment effects.  Results suggest 
that adequate rest periods between grazing events, to allow forage regrowth and legume 
establishment, can be achieved through less frequent and less intense stocking systems than 
mob stocking. 
Implications 
While previous research has shown that providing pasture forages and soils with 
adequate rest between grazing events improves forage mass and quality for livestock and 
reduces compaction, the current trial demonstrates that changing the stocking density or 
rotation frequency within the method of rotational stocking does not provide further benefit 
within the first two years of implementation.  Thus, the additional labor and expense to 
maintain high stocking density and frequent movements seems unwarranted.  While soil and 
forage responses to stocking density may differ because of soil type and weather as well as 
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management, soils with high organic matter content seem able to resist compaction from high 
livestock density and seem to tolerate short-duration, intense defoliation similarly to less-
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Table 1.  Mean monthly minimum and maximum temperature and total precipitation over the 
two grazing seasons, and the 30-yr average. 
Month 

























May 22.2 10.6 92 22.2 10.0 117 22.7 10.1 119 
June 27.8 16.7 284 27.2 16.7 128 27.4 15.5 126 
July 28.9 18.9 173 31.1 20.6 99 29.1 17.7 120 
Aug 30.0 18.9 285 27.8 16.1 76 27.9 16.4 121 





Table 2.  Effects of treatment, year, and grazing on the least-squares mean ± SEM 
proportions of dead forage and live grass, weed, and legume species in pastures grazed at 
three different stocking densities. 




% of total forage DM ----- % of live forage DM ----- 
Treatment RS
1
 33.6 (2.68) 96.9 (0.79) 2.87 (0.80) 0.27 (0.07) 
 
SS 32.5 (2.28) 95.6 (1.03) 2.81 (0.76) 3.13 (1.96) 
  MS 34.2 (2.66) 98.3 (0.60) 1.17 (0.58) 0.43 (0.16) 
Year 2010 37.3 (1.90) a
2
 98.7 (0.30) a 0.76 (0.28) a 0.47 (0.08) 
  2011 29.6 (2.16) b 95.2 (0.89) b 3.81 (0.76) b 2.08 (1.32) 
Grazing Grazed 36.2 (1.92) a 97.9 (0.62) a 1.09 (0.35) a 1.75 (1.41) 
 
Pregrazed 30.7 (2.02) b 96.0 (0.70) b 3.47 (0.68) b 0.80 (0.14) 
1
RS indicates rotational stocking; SS, strip stocking; and MS, mob stocking. 
2






Table 3.  Effects of treatment, year, month, and grazing on total and live forage dry matter 
masses (least-squares mean ± SEM) of pastures grazed at different stocking densities. 
Variable  
Total forage DM mass Live forage DM mass 





 1645 (157.3) 1107 (113.9) 
 
SS 1943 (178.6) 1330 (146.4) 
 
MS 2232 (202.9) 1459 (155.3) 
Year 2010 2493 (142.2) a
2
 1588 (120.1) ab 
 
2011 1387 (117.5) b 1005 (93.0) c 
Month May 915 (100.6) a 884 (103.0) ab 
 
June 2522 (329.7) b 2049 (285.7) c 
 
July 2454 (323.3) b 1627 (209.7) d 
 
August 2535 (211.3) b 1564 (113.3) d 
 
September 1812 (176.7) c 989 (98.9) a 
 
October 1403 (126.1) d 667 (63.8) b 
Grazing Grazed 1363 (126.4) a 845 (76.0) a 
 
Pregrazed 2518 (144.0) b 1748 (117.5) b 
1
RS indicates rotational stocking; SS, strip stocking; and MS, mob stocking. 
2





Table 4.  Effects of treatment, year, and month on in vitro dry matter disappearance and 
crude protein concentration (least-squares mean ± SEM) of the live forage DM from pastures 
grazed at different stocking densities. 
Variable  
IVDMD Crude protein 
 
----------------- % of DM ----------------- 
Treatment
1
 RS 56.1 (0.72) 12.1 (0.43) 
 
SS 56.3 (0.78) 10.2 (0.36) 
 
MS 56.0 (0.60) 11.8 (0.36) 
Year 2010 55.4 (0.37) a
2
 10.2 (0.27) a 
 
2011 56.9 (0.72) b 12.5 (0.30) b 
Month May 57.0 (1.29) a 12.0 (0.42) ab 
 
June 51.5 (0.77) b 8.8 (0.45) c 
 
July 53.4 (0.78) c 11.0 (0.73) a 
 
August 56.9 (0.74) a 11.0 (0.34) a 
 
September 58.1 (0.64) a 12.4 (0.41) b 
 
October 59.9 (0.68) d 12.7 (0.37) b 
1
RS indicates rotational stocking; SS, strip stocking; and MS, mob stocking. 
2





Table 5.  Selectivity indices
1
 of steers for concentration of in vitro dry matter disappearance 




 (% of DM) June July August Yearly mean 
2010 1.20 (0.03) 1.09 (0.04) 1.1 (0.03) 1.13 (0.09) a
3
 
2011 1.02 (0.03) 1.00 (0.04) 1.06 (0.03) 1.03 (0.02) b 
Mean 1.11 (0.03) 1.05 (0.03) 1.08 (0.02) 
 CP (% of DM) June July August Yearly mean 
2010 1.31 (0.10) 1.35 (0.12) 1.16 (0.03) 1.27 (0.05) a 
2011 1.08 (0.09) 1.07 (0.05) 1.01 (0.07) 1.05 (0.05) b 
Mean 1.19 (0.07) x
4
 1.21 (0.07) x 1.08 (0.04) y 
 1Selectivity indices are calculated as the nutrient concentration in selected forage sampled 




IVDMD indicates in vitro dry matter disappearance; and CP, crude protein. 
3
Means within a column followed by different letters (a,b) differ (P < 0.01). 
4





Table 6.  Effect of treatment on monthly soil bulk density (least-squares mean ± SEM) of 
cool-season pastures grazed at three different stocking densities. 
Treatment ----- g · cm
-3
 ----- 
May July October 
RS
1
 1.11 (0.03) a
2
 1.26 (0.08) b 1.13 (0.02) a 
SS 1.07 (0.03) a 1.14 (0.04) a 1.26 (0.10) b 
MS 1.16 (0.01) ab 1.14 (0.01) ab 1.15 (0.01) ab 
1
RS indicates rotational stocking; SS, strip stocking; MS, mob stocking; and SEM, standard 
error of the mean. 
2







Figure 1.  Monthly stocking density (treatment least-squares mean ± SE) of cows grazing at 
three different stocking densities for two years.  RS indicates rotational stocking; SS, strip 
stocking; and MS, mob stocking.  A, yearly means with different letters tend to differ 
(treatment by year, P = 0.07).  B, monthly means with different letters differ (treatment by 
month, P < 0.01). 
 
Figure 2.  Effect of stocking density on forage disappearance (treatment least-squares mean 
± SE) in cool-season pastures.  RS indicates rotational stocking; SS, strip stocking; and MS, 
mob stocking.  A, yearly means with different letters differ (treatment by year, P = 0.02).  B, 
monthly means with different letters differ (treatment by month, P < 0.01). 
 
Figure 3.  Water infiltration rate into the soil (treatment least-squares mean ± SE) of pastures 
grazed at three different stocking densities for two years.  RS indicates rotational stocking; 
SS, strip stocking; and MS, mob stocking.  Means with different letters differ (P < 0.10).  
 
Figure 4.  Total soil carbon (least-squares treatment mean ± SE) of pastures grazed at three 
different stocking densities for two years.  RS indicates rotational stocking; SS, strip 
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CHAPTER 3. GENERAL CONCLUSIONS 
General discussion 
 Previous research has found both benefits and detriments to increasing the stocking 
density of grazing cattle (Donaghy et al 2008).  While increased defoliation of pasture plants 
stimulates regrowth (Donaghy et al. 2008) and allows establishment of legume and grass 
seedlings (Guretzky et al. 2007), severe defoliation slows or stops root function (Donaghy et 
al. 2008).  Similarly, regrowth of pasture forages and improved botanical composition 
improves the nutritive value of forage available to grazing animals (Taylor et al. 1980; 
Guretzky et al. 2007) but increased stocking density prevents selective grazing and forces 
livestock to consume less-desirable plants (Phillip et al. 2001; Derner et al. 2008).  Soil 
compaction may be increased through greater animal pressure per acre (Donkor et al. 2002), 
but trampling of organic matter may provide a protective layer (Franzeluebbers and 
Stuedemann 2010).  Incorporation of manure and trampled forage may also increase soil 
carbon content (Schuman et al. 1999; Conant et al. 2003), but this may only occur in upper 
soil fractions where roots are actively cycling (Schuman et al. 1999). 
 Results of this grazing trial showed that increasing stocking density did not affect 
cattle, forage plants, or soil differently than grazing at lower stocking densities, when forage 
allocation to cows was kept constant.  These results concur with Dalley et al. (2001) and 
Coffey et al. (2005), who found that the frequency of feeding or rotating cows did not 
significantly affect milk yield, body weight, or body condition.  Forage botanical 
composition and nutrient content also did not differ between treatments, despite cattle in RS 
pastures being rotated rapidly early in the season to control maturity.  This result suggests 
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that at least within the first two years, forage quality is not increased enough by increasing 
stocking density to deliver any benefits to grazing animals.  Many previous studies did not 
control for daily forage allocation to livestock, and, therefore, reduced gain or growth of 
cattle were reported when stocking density was increased simply by keeping a given number 
of animals on a smaller area of pasture (Curtis et al. 2008; Derner et al. 2008).  However, 
results from the current trial suggest that forage allocation per day determines animal 
production more than does stocking density or frequency of rotation.  Similarly, grazing 
selectivity was not affected by treatment in the current trial, but did differ between the two 
years, which allocated forage at different rates. 
 Changes in soil characteristics are difficult to observe over the short term, particularly 
because of the slow turnover of soil carbon forms (Cambardella and Elliott 1992) and 
because soil compaction is sensitive to weather conditions (Horn et al. 1995).  The current 
trial found no differences in soil moisture, compaction, or carbon content due to treatment, 
but did find differences between months and years.  Weather during the two trial years varied 
greatly from the 30-year average, and likely had more of an influence on soil characteristics 
than did stocking density. 
Recommendations for future research 
 The lack of significant treatment effects suggests that increasing stocking density at 
constant forage allowance does not affect livestock performance, forage mass and quality, or 
soil physical characteristics.  However, aberrant weather during the years of study likely 
influenced many of the observations.  To more fully document the effects of stocking 
density, treatments should be maintained for several more years.  In the current trial, forage 
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allocation rates were assigned assuming a 50% removal rate of the forage.  It is possible that 
4% and 3.2% of cow body weight daily as live forage dry matter was far more than the cattle 
required, and the pastures and animals weren’t being stressed enough.  Further reducing 
forage allocation rate or increasing the assumed removal rate would further increase livestock 
density, and may elicit a response.  Alternatively, stocking density rather than forage 
allocation rate may be best held constant.  As forage regrowth and mass declined during the 
summer months in the experimental pastures, stocking density also fell.  It is conceivable that 
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APPENDIX. ADDITIONAL TABLES AND FIGURES 




 (kg) May June July August September October 
2010 RS
1
 585 636 651 655 632 646 
 
SS 574 626 631 640 617 626 
 
MS 598 651 644 649 640 651 
 
SEM 9.8 9.8 9.8 9.8 9.8 9.8 
2011 RS 618 629 637 636 611 627 
 
SS 623 627 620 619 606 625 
 
MS 625 668 631 608 612 621 
 






 639 b 636 b 635 b 620 c 632 b 
 





     
2011 624 
     
SEM 5.0           
Cow BCS May June July August September October 
2010 RS 4.94 5.29 5.45 5.92 5.84 5.69 
 
SS 4.72 5.12 5.33 5.15 5.55 5.20 
 
MS 4.89 4.98 5.34 5.15 5.60 5.41 
 
SEM 0.08 0.08 0.08 0.08 0.08 0.08 
2011 RS 4.85 5.18 5.19 5.19 5.19 5.37 
 
SS 4.85 5.20 5.05 5.02 5.02 5.09 
 
MS 4.85 5.40 5.23 5.06 5.06 5.20 
 




4.85 a 5.19 b 5.26 bc 5.37 c 5.37 c 5.32 bc 
 







     
2011 5.11 y 
     
SEM 0.03           
1
BW indicates body weight; BCS, body condition score (9-point scale); RS, rotational stocking; 
SS, strip stocking; MS, mob stocking; and SEM, standard error of the mean. 
2
Means within a row (a,b,c) followed by different letters differ (P < 0.05). 












Calf survival (% 




 32.2 1.09 90.0 
 
SS 32.3 1.13 85.0 
 
MS 31.8 1.08 90.0 
 
SEM 2.38 0.07 10.4 
2011 RS 31.6 1.04 100.0 
 
SS 31.2 1.08 100.0 
 
MS 28.0 1.03 65.0 
  SEM 1.92 0.06 2.9 
   
Year effects 
 
2010 Mean 32.1 a
2
 1.10 88.3 
2011 Mean 30.3 b 1.05 88.3 
  SEM 0.62 0.04 5.1 
1
RS indicates rotational stocking; SS, strip stocking; MS, mob stocking; ADG, average daily 
gain; and SEM, standard error of the mean. 
2






Table 3. Effect of year on weed, legume, and grass species as proportions of live forage dry 
matter in pastures prior to the initiation of grazing in May of each year. 










2010 0.98 1.49 52.35 25.99 a
2
 7.87 a 6.43 4.66 
2011 0.72 6.06 59.73 11.67 b 14.55 b 4.37 3.00 
SEM
1
 0.51 1.53 4.27 3.12 2.24 2.72 1.09 
1
SEM indicates standard error of the mean.
 
2






Table 4.  Effects of treatment, year, month, and depth on mean soil moisture in pastures 
grazed at different three stocking densities. 



















July 17.9 a 
 
October 15.3 b 
 
SEM 0.61 
Depth (cm) 0-7.6 17.9 a 
 
7.6-15.2 16.1 b 
  SEM 0.55 
 
1
RS indicates rotational stocking; SS, strip stocking; MS, mob stocking; and SEM, standard 
error of the mean. 
2





Table 5.  Effect of treatment, year, and month on mean soil moisture taken concurrent to 
measurement of water infiltration rate. 



















July 20.3 a 
 




RS indicates rotational stocking; SS, strip stocking; MS, mob stocking; and SEM, standard 
error of the mean. 
2
Within a column, means within a variable followed by different letters differ (P < 0.05). 
 
 
 
